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Previous studies have shown that luminance flicker, presented peripheral to a foveal test target, 
increases thresholds for target detection: the peripheral flicker (PF) effect. These studies have also 
shown that thresholds are elevated more for luminance targets, relative to chromatic targets. In the 
present study we examined the specificity of the PF effect on the luminance mechanism and assessed 
the contribution of modulated stray-light to the test field, as well as longer range spatial 
interactions. We found that the presence of a foveal luminance pedestal, as well as PF, caused a 
notch to appear in the spectral sensitivity function around 570 nm. This result confirms the 
hypothesis that the PF effect decreases the sensitivity of the luminance pathway. To assess the 
contribution of stray-light to the PF effect, we modulated a luminance pedestal without the presence 
of PF in order to simulate the stray-light effect in isolation. A decrease in sensitivity for wavelengths 
around 570 nm occurred with modulated stray-light, suggesting that modulated stray-light 
contributes substantially to this effect. We then minimized the modulated stray-light by phase- 
reversing a checkerboard pattern in the periphery. A significant, though smaller, threshold 
elevation to mid-spectrum stimuli was obtained, suggesting that long range spatial effects are also 
active in the PF effect. We conclude that the PF effect causes a desensitization of foveal luminance 
pathways via local and more long range spatial interactions. Our results are consistent with 
previous data which suggest that the PF effect is due to selective adaptation of cells in the 
magnocellular pathway (M-cells). Our data imply that local network adaptation may be a property 
of the magnocellular pathway. Published by Elsevier Science Ltd. 
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INTRODUCTION 
Visual sensitivity to targets presented at a particular 
retinal locus is determined by the luminance of the 
background upon which those targets are presented. 
However, visual sensitivity can also be affected by 
modulating the luminance on retinal areas that are far 
removed from the target locus. This effect was first 
demonstrated in single unit electrophysiological studies 
of retinal ganglion and lateral geniculate nucleus cells of 
the cat (McIlwain, 1964, 1966). These studies showed 
that the response of these cells was altered by moving 
stimuli presented far from their receptive field surround. 
McIlwain termed this the "periphery effect" (PE). The 
effect is independent of light scatter (Levick et al., 1965) 
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and is either very weak or non-existent in cat X-type cells 
(Barlow et al., 1977). A similar peripheral effect has been 
found in macaque retinal ganglion cells (Kriiger et al., 
1975) which was termed the "shift effect" by Kriiger. 
Krtiger (1977) also found the shift effect in cells of the 
macaque lateral geniculate nucleus, although cells within 
the magnocellular layers show a more robust shift effect 
than cells in the parvocellular layers. 
Psychophysical studies have documented a periphery- 
type effect in human observers (Breitmeyer et al., 1980; 
Breitmeyer & Valberg, 1979; Derrington, 1984, Dort- 
mann & Spillmann, 1981; Green, 1983; Sharpe, 1972; 
Spillman & Gambone, 1971; Valberg & Spillmann, 
1982). These studies report an elevation in foveal 
threshold of several tenths of a log unit due to modulation 
of either a flickering surround that varies in luminance, or 
a peripherally presented grating stimulus which has a 
constant mean luminance. 
Recent measurements of foveal increment detection in 
the presence of parafoveal flickering fields have shown 
that foveal spectral sensitivity can also be altered. Studies 
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by He & Loop (1990) and Kuyk & Fuhr (1993, 1994b) 
suggest that peripheral flicker appears to selectively 
desensitize luminance pathways, relative to chromatic 
pathways, in foveal increment detection tasks. From the 
results of these studies it is clear that PF can serve as an 
effective mask against the detection of luminance 
increments, and provide a relative enhancement for 
detection of chromatic increments in certain regions of 
the visible spectrum. 
Although studies have shown that the PF effect appears 
to effectively desensitize the luminance pathway, ques- 
tions remain concerning the selectivity and adaptive 
mechanisms underlying the PF effect. First, how 
selective is the PF effect in reducing luminance channel 
sensitivity versus its effects on chromatic channel 
sensitivity? This question can be addressed by examining 
spectral sensitivity under conditions which allow mea- 
surement of the relative balance of chromatic versus 
luminance channel sensitivity. Second, what are the 
salient components of the PF stimulus that facilitate 
luminance channel desensitization? The stimulus re- 
quired to elicit the PF effect embodies everal component 
features, and each could potentially contribute to the 
overall desensitizing effect of PF. For example, both 
modulated and static light scatter from the peripheral 
field onto the central test field could play a role in 
desensitizing the part of the luminance channel that 
processes input from the foveal test region. In addition, 
modulation of the peripheral field itself is, by operational 
definition, necessary to elicit the PF effect. 
In order to understand more fully the effects of 
desensitization caused by PF, we measured spectral 
sensitivity under several conditions, with and without a 
peripherally flickering field. First, we compared spectral 
sensitivity measurements obtained with and without PF 
for central test stimuli presented on three different 
luminance pedestals. Second, we assessed the contribu- 
tion of stray-light in the PF effect. Finally, we measured 
the contribution of modulation of the peripheral field, in 
the absence of stray-light. These measurements confirm 
the selective ffect of PF on the luminance channel, and 
reveal that there are several component mechanisms of 
the PF stimulus which contribute to the overall 
desensitization f the luminance channel. 
METHODS 
Stimuli were presented using a three-channel Max- 
wellian view optical system, with a 450 W xenon arc 
lamp as the source. Two of the channels formed 
independent and coincident 2 deg test and pedestal fields. 
The third channel formed an annular surround field, with 
an inner diameter of 2 deg and an outer diameter of 5 deg. 
The light from the test and pedestal fields were each 
reflected off high speed mirror galvanometers (General 
Scanning, Watertown, MA) and into an integrating 
sphere. Luminance modulation of the test and pedestal 
fields was obtained by varying the position of the 
galvanometer, which in turn varied the amount of light 
entering the integrating sphere. The galvanometers were 
controlled by 16 bit digital to analog converters (GW 
Instruments, Somerville, MA) installed in an Apple 
Macintosh Quadra 800. The light from the third channel 
was passed through a liquid crystal light valve (Dis- 
playtech, Boulder, CO) and into a second integrating 
sphere. Temporal modulation of the surround field was 
controlled by a driver that opened and closed the aperture 
of a light valve at 15 Hz. The output of the integrating 
spheres was combined by a beam splitter, focused onto 
the plane of the observers' pupil, and viewed through a 
3 mm artificial pupil. 
Three color-normal observers used the method of 
adjustment to set thresholds for test stimuli from 400 to 
680 nm. The dominant wavelength of the test was 
determined by using narrow band interference filters 
(10 nm bandwidth, Andover Corp., Salem, NH). Test 
stimuli (2 deg) were sinusoidally modulated at 2.8 Hz to 
maximize stimulus detection by chromatic pathways 
(Thornton & Pugh, 1983), and were superimposed upon a 
2 deg white luminance pedestal of 250, 550 or 990 Td. 
The 5 deg white surround was flickered at 15 Hz to 
provide a peripheral flicker condition (PF), or at 100 Hz 
to provide a perceptually steady surround (called the 
Uniform field condition in subsequent figures). The white 
pedestal and surround had correlated color temperatures 
of approximately 4900 K, as determined by a spectraco- 
lorimeter (Photo Research PR-650, Chadsworth, CA). 
The modulation (Michaelson) contrast of the surround 
was 93%, and its time-averaged illuminance was 550 Td. 
Therefore, in the PF condition, the surround modulated 
between 40 and 1080 Td. Observers used the method of 
adjustment to vary the luminance modulation of the test 
wavelength until the threshold was determined. For each 
wavelength, a median of 15 trials was taken as the 
threshold. Mean spectral sensitivity curves were derived 
by averaging three to five separate spectral sensitivity 
functions for each observer. 
RESULTS 
The selectivity of the PF  effect 
Figure 1 illustrates the spectral sensitivity curves for 
each observer across each of the pedestal illuminance 
conditions, measured with and without PF. In each plot, 
filled circles represent spectral sensitivity measured with 
PF, whereas open circles represent spectral sensitivity 
measured without PF. For all observers the spectral 
sensitivity curves show evidence of color-opponent 
activity, with peaks in the short-, middle- and long 
wavelength regions of the spectrum (Foster & Snelgar, 
1983; Sperling & Harwerth, 1971). With the 250 Td 
pedestal, all observers how a reduction in sensitivity 
between 560-570 nm for the PF condition, relative to the 
non-PF condition. This is a region of the spectrum where 
spectral purity is lowest, and where chromatic and 
luminance channels can contribute to detection of stimuli 
(Foster & Snelgar, 1983; Snelgar et al., 1987). Subject 
MB shows a reduction in this region, as well as a 
generalized loss of sensitivity from 480 to 620 nm. 
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FIGURE 1. Spectral sensitivity measured from three observers using a uniform, white surround or with the surround flickering 
at 15 Hz (peripheral flicker condition, PF). The effect of PF vs pedestal illuminance ismeasured for three pedestal illuminances: 
250, 550 and 990 Td. An increase in threshold is observed around 570 nm due to PF for the 250 Td background. As pedestal 
illuminance is increased, PF has less effect upon spectral sensitivity. 
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These data suggest that PF preferentially reduces 
spectral sensitivity near 570 nm when the pedestal is 
lower in luminance than the 550 Td surround (i.e., a 
negative pedestal). However, when pedestal luminance 
equals that of the surround (550 Td), or there is a positive 
luminance pedestal (990 Td), PF has a progressively 
smaller effect upon spectral sensitivity. That is, there was 
a trade-off between the luminance of the pedestal and the 
effect of PF on spectral sensitivity. To illustrate the 
effects of raising pedestal luminance on spectral 
sensitivity, Fig. 2 shows the threshold elevation at 
570 nm for each observer as a function of pedestal 
luminance. An analysis of variance with post hoc 
orthogonal contrasts revealed that PF significantly 
decreased sensitivity at 570 nm for the 250 Td pedestal 
by an average of 0.49 log units (F = 8.76, P = 0.01). For 
the 550 Td pedestal, PF decreased sensitivity at 570 nm 
by an average of 0.29 log units, although this was not 
statistically significant (F = 3.79, P = 0.08). There was no 
significant effect of PF on sensitivity for the 990 Td 
pedestal. These results suggest hat the effect of PF on 
spectral sensitivity is similar to that of a luminance 
pedestal and that both act to mask the contribution of the 
luminance pathway to spectral sensitivity. 
The stray-light component of desensitization 
An alternative xplanation for above result involves 
considering how stray-light might affect sensitivity in 
each pedestal condition. In our stimulus conditions, 
peripherally modulated light contributes a certain amount 
of light scatter into the foveal test region. This scattered 
light could contribute to the masking effect of PF 
described above, but this effect would be proportional 
to the pedestal i luminance. Because, in the PF condition, 
light scattered from the 5 deg surround into the central 
2 deg test region would be modulated at 15 Hz, we 
created a test condition to mimic light scatter from the 
peripheral test with the 250 Td pedestal. We chose this 
pedestal illuminance because it yielded the largest PF 
effect and should be the condition where observers would 
be most vulnerable to light scatter. 
Using the tables found in Shevell & Burroughs (1988), 
we calculate that approximately 7% of the light from the 
5 deg surround would be scattered into the 2 deg test 
area. At the peak amplitude of the flicker, the illuminance 
of the 2 deg test field is increased by 76 Td. To test the 
effect of this light scatter, we mimicked the presence of 
light scatter by modulating the luminance pedestal at a 
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FIGURE 2. The threshold elevation at 570 nm across the three pedestal 
illuminances for the three observers due to PF. PF has a significant 
effect on threshold for the 250Td pedestal, and a marginally 
significant effect for the 550 Td pedestal. PF does not significantly 
increase threshold for the 990 Td pedestal. 
temporal frequency of 15 Hz and at an amplitude that, at 
its peak, would increase the illuminance of the 2 deg test 
field by 76 Td. Modulation of the luminance pedestal was 
accomplished by moving the mirror galvanometer to 
replicate the variation of light caused by scatter from the 
flickering surround. The surround field was not modu- 
lated during the light scatter test, but was present at its 
mean luminance. Figure 3 shows the results of spectral 
sensitivity measurements for observers PD and MG under 
three conditions: 15 Hz PF, the uniform field surround, 
and the condition mimicking light scatter. Spectral 
sensitivity is shown only for mid-spectrum wavelengths 
to emphasize the area around 570 nm. Each plot shows 
the mean of three spectral sensitivity measurements, _+1 
SEM. 
As previously shown in Fig. 1, 15 Hz PF causes a 
decrease in sensitivity at 570 nm relative to a uniform, 
unmodulated surround. However, modulation of the 
pedestal also has an effect upon sensitivity similar to 
that of 15 Hz PF. That is, under the "light scatter" 
condition both observers how a more pronounced notch 
around 570 nm, and an overall decrease in sensitivity for 
mid-spectral wavelengths. The reduction in sensitivity 
caused by light scatter is slightly less than that caused by 
the PF condition at 570 and 580 nm, so we questioned 
whether the sensitivity loss could be predicted from 
simple light adaptation. 
At the peak modulation of the peripheral field, 76 Td of 
light would be added to the 250 Td pedestal (based on our 
calculation of light scatter), thereby increasing the 
pedestal illuminance by 0.115 log units. According to 
Weber's law, one would expect a decrease in absolute 
sensitivity of 0.115 log units due to the increased 
illuminance of test/pedestal field caused by light scatter. 
However, the mean decrease in sensitivity for the two 
observers in this test was 0.345 log units, thereby 
deviating from the threshold elevation predicted by 
Weber's law. To confirm that the observers were 
operating in a Weber region, we measured the threshold 
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FIGURE 3. A comparison of the effect of mimicking light scatter from 
the modulating surround in the PF condition, with actual PF and also a 
uniform field. Mimicking the amplitude and frequency of the light 
scatter from the flickering surround (measured with the surround 
steady) causes a threshold elevation similar to that of PF, although the 
elevation is greater than would be predicted Weber's law. 
elevation for a subset of the data shown in Fig. 1, and 
compared the values obtained to the threshold elevation 
predicted from the nominal change in pedestal illumi- 
nance. For the 620 nm test, the mean threshold elevation 
from the 250 to the 500 Td pedestal was 0.39 log units 
(0.34 predicted), and the mean threshold elevation from 
the 550 to the 990 Td pedestal was 0.21 log units (0.25 
predicted). This comparison shows that Weber's law 
should hold for our threshold ata, and reveals that the 
effect of modulated light scatter acts as a powerful 
desensitizing agent, which operates via a mechanism that 
is not analogous to simple light adaptation. 
The modulation component of desensitization 
Although the presence of modulated light scatter 
appears to play a role in the PF effect observed here, 
other studies have shown that the PF effect is independent 
of unmodulated light scatter (Barlow et al., 1977; 
Derrington, 1984; Derrington et al., 1979). To test 
whether the PF effect we observed is independent of 
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light scatter, we developed a test condition that used a -1.2 
contrast-reversing checkerboard pattern as the peripheral 
stimulus. For this pattern, the time-averaged luminance is _~ 
constant, hence the peripheral field is stimulated without 
causing any additional light scatter into the test field. ~, 
To implement he checkerboard pattern, the optical co 
system was altered to accept a monitor screen imaged > 
t~  
into the third channel. The monitor was driven by a 
Neuroscientific "Venus" (Neurotech Inc., Farmingdale, ~" 
NY) image display system. The checkerboard pattern had o 
a spatial frequency of 2.5 c/deg, a contrast of 93%, a 
mean retinal illuminance of 550 Td, and was square- 
wave modulated at 15 Hz. The pattern was viewed 
through a circular field stop so that it subtended an 
identical area as the surround field used in the previous 
experiments. We tested the effect of the modulated -1.4 
checkerboard surround for mid-spectral wavelengths 
(540-600 nm) presented on a 250 Td pedestal. =~- 1.6- 
> 
Figure 4 shows the spectral sensitivity curves for three .~ 
e-  
observers, derived from viewing either the modulating g~ -1.a- 
checkerboard pattern, or a uniform field of the same mean • 
.>_. luminance. Each point represents he mean of three trials, .~ 
_1  SEM. In the modulated checkerboard condition, ~. -2.0- 
subjects PD and MG show a more pronounced reduction 
in sensitivity between 560 and 580nm. Subject MB o, -2.2- 
shows a generalized decrease in sensitivity for all 
wavelengths tested here. 
Since we now have a measure of the reduction in 
sensitivity due to modulated light scatter (Fig. 3), and a 
measure of the effect of peripheral contrast modulation in 
the absence of light scatter (the checkerboard stimulus), -1.4 
the contributions of each of these components to the 
overall PF effect can be examined. From the data in Fig. ~ -1.6- 
1, we calculate the mean reduction in sensitivity (due to "~ 
PF) at 570 nm for the 250 Td pedestal to be 0.49 log "~ 
units. The mean reduction in sensitivity at 570 nm due to o~ -1.8- 
modulated light scatter is 0.35 log units (from Fig. 3), and 
the mean reduction in sensitivity at 570 nm owing to -~ -2 .0 - 
peripheral contrast modulation is 0.18 log units (from 
Fig. 4). The sum of the component contributions o 
-- -2.2 - (0.35+0.18) equals 0.53. Thus, although the component 
analysis overestimates the actual mean threshold eleva- 
tion by 0.04 log units (0.53-0.49), these two components 
appear to account for much of the threshold elevation 
caused by PF. 
DISCUSSION 
We have shown that peripheral f icker can affect foveal 
increment detection by altering sensitivity to wave- 
lengths in the middle of the spectral range. The data 
shown in Fig. 1 (and their analysis in Fig. 2) reveal that 
increment thresholds are increased most for wavelengths 
centering around 570 nm. This selective alteration in 
spectral sensitivity is consistent with, and indicative of, 
selective desensitization of the luminance pathway 
relative to chromatic pathways (e.g., Foster & Snelgar, 
1983; King-Smith & Carden, 1976; Snelgar et al., 1987; 
Sperling & Harwerth, 1971). It is in this region of the 
spectrum that the luminance pathway has high sensitiv- 
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FIGURE 4. Spectral sensitivity measured with either a 2.5 c/deg 
checkerboard, square-wave r versing at 15 Hz, or a uniform field. The 
checkerboard also causes a threshold elevation around the mid-spectral 
wavelengths, although the threshold elevation is less than that seen 
with PF. Since there is no time-averaged change in luminance with the 
checkerboard, light scatter cannot be a significant cause of the PF 
effect. 
ity, and chromatic pathways have low sensitivity because 
of the chromatic opponency between M- and L-cones 
(Sperling & Harwerth, 1971). Furthermore, Snelgar et al. 
(1987) have used the depth of the notch as a measure of 
the degree to which luminance and chromatic pathways 
are contributing to spectral sensitivity. We have shown 
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that PF appears to create (or deepen) a notch around 
570 nm, and we corroborate the findings of He & Loop 
(1990) and Kuyk & Fuhr (1993, 1994b), and confirm that 
PF causes elective adaptation of the luminance channel 
relative to chromatic pathways. The region of the 
spectrum where observers howed maximum desensiti- 
zation was identical for the PF effects and the effects 
caused by raising pedestal illuminance. Although the 
mechanisms by which these two effects raise mid- 
spectral thresholds may not be similar, this finding 
indicates that both effects are causing desensitization 
restricted to the luminance pathway. 
In addition, we conducted experiments o assess the 
component effects of (1) stray-light; and (2) peripheral 
modulation while holding stray-light constant. We found 
that modulated stray-light contributes significantly to the 
PF effect we observed, accounting for roughly 80% of the 
total effect. However, when stray-light modulation was 
minimized using a reversing checkerboard, a significant 
effect on threshold for mid-spectral wavelengths re- 
mained, suggesting that relatively long range spatial 
interactions also play a role in the PF effect. Our results 
suggest that these spatial interactions occur over several 
degrees visual angle near the fovea. 
The conclusion to be drawn from this breakdown of the 
components contributing tothe PF effect is that the effect 
is multifactorial, consisting of a long range spatial 
interaction combined with a stray-light mediated compo- 
nent hat functions to add modulating light to the pedestal 
field. It appears that each of these factors can serve as an 
efficient masking stimulus which is selective for the 
luminance pathway. In combination, these factors 
effectively increase the absolute threshold of the 
luminance pathway and alter the relative sensitivity 
between achromatic and chromatic mechanisms. Our 
results are in agreement with other studies that show that 
a luminance masking stimulus or luminance modulation 
can enhance or facilitate detection of the chromatic 
content of a stimulus (Barbur et al., 1994; DeValois & 
Switkes, 1983; Eskew et al., 1994, 1991; Switkes et al., 
1988). 
Studies of spatial processing during PF also yield 
evidence of masking, via a mechanism of channel- 
specific masking. Derrington (1984) has shown that a 2 c/ 
deg square-wave grating, when presented inthe periphery 
and quickly displaced, yields a band-pass function and 
will mask detection of spatial frequencies below about 
1 c/deg. Baro & Lehmkuhle (1990), measuring the 
human visual evoked potential (VEP), found similar 
masking of the VEP by low spatial frequency, high 
temporal frequency, peripherally presented stimuli. Baro 
& Lehmkuhle (1990) conclude that PF is specific to a 
transient, but not sustained, pathway whose physiology is
analogous to that of the primate magnocellular pathway. 
In another VEP study, Brigell el al. (1996) provide 
further evidence that PF reduces sensitivity of the 
magnocellular luminance pathway. They show that 
luminance flicker, which is not time-locked to signal 
averaging, increases latency and decreases amplitude of 
the VEP to a central stimulus, whereas asynchronous 
chromatic flicker decreases both latency and amplitude of 
the response. They infer that luminance flicker reduces 
the contribution of a fast conducting magnocellular 
pathway, whereas chromatic flicker reduces the contribu- 
tion to the VEP from a slow opponent pathway. Analysis 
of the effects of PF on brain response topography showed 
that asynchronous l minance flicker reduced contribution 
of the dorsal pathway, whereas chromatic flicker 
proportionally reduced ventral pathway contribution to 
the response. 
Although Kuyk & Fuhr (1993) also measured spectral 
sensitivity in the presence of peripheral f icker, they did 
not report a significant change in shape of the spectral 
sensitivity functions due to peripheral flicker. Our 
stimulus parameters were designed to maximize test 
detection by chromatic pathways, and without doubt, 
there are optimal spatio-temporal characteristics of the 
peripheral stimulus that will further maximize the PF 
effect. For large, brief targets, Kuyk & Fuhr (1994a) 
found that the PF effect has a band-pass function that 
peaks near 8 Hz. For uniform fields, the temporal contrast 
sensitivity function for luminance modulation is also 
band-pass (Kelly, 1975; Kelly & van Norren, 1977; 
Swanson et al., 1987), supporting the conclusion that the 
PF effect is localized to the luminance channel. 
Both He & Loop (1990) and Kuyk & Fuhr (1993) 
propose that the PF effect is due to an alteration in 
sensitivity of the magnocellular cells (M-cells) of the 
visual system, and the data from Krtiger (1977) appear to 
support this assertion. Assuming that M-cells are the 
predominant, if not the exclusive, physiological substrate 
of the psychophysical luminance pathway (see Lee et al., 
1988, 1989, 1990 for supporting evidence), then one must 
postulate a mechanism of lateral interaction between 
cells that has a relatively large spatial extent. Interest- 
ingly, Dacey & Brace (1992), using Neurobiotin tracer 
injections into single parasol ganglion cells in the 
macaque retina, found that neighboring parasol cells are 
coupled, probably through an amacrine cell network. 
Midget cells did not show this pattern of coupling. 
Although it is unclear how far such coupling might 
extend, this could serve as a possible substrate for the PF 
effect, and the long range interactions, in the M-cell 
pathway. 
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